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Abstract: Fuel cells are an environmentally clean, quiet, and a highly 
efficient method for generating electricity and heat from natural gas and other 
fuels. In fiscal year 1993 (FY93), the Engineer Research and Development 
Center, Construction Engineering Research Laboratory (ERDC-CERL) was 
assigned the mission of managing the DOD Fuel Cell Demonstration 
Program. Specific tasks included developing turnkey PAFC packages, devising 
site criteria, screening candidate DOD installation sites based on selection 
criteria, evaluating viable applications at each candidate site, coordinating 
fuel cell site designs, installation and acceptance of the PAFC power plants, 
and performance monitoring and reporting. 

CERL selected and evaluated 30 application sites, supervised the design and 
installation of fuel cells, actively monitored the operation and maintenance of 
fuel cells, and compiled “lessons learned” for feedback to fuel cell 
manufacturers. At the conclusion of the demonstration period, each of the 
demonstration fuel cell sites was given the choice to either have the fuel cell 
removed or to keep the fuel cell power plant. This report presents a detailed 
review of a 200 kW fuel cell installed at the Marine Corps Air Ground Combat 
Center (MCAGCC) – Twentynine Palms and operated between June 1995 and 
May 2000. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Citation 
of trade names does not constitute an official endorsement or approval of the use of such commercial products. All product 
names and trademarks cited are the property of their respective owners. The findings of this report are not to be construed as 
an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 



ERDC/CERL TR-06-17 iii 

 

Contents 
Figures and Tables ................................................................................................................................. v 

Preface................................................................................................................................................... vii 

Unit Conversion Factors ..................................................................................................................... viii 

1 Introduction .....................................................................................................................................1 
1.1 Background........................................................................................................................1 
1.2 Objective ............................................................................................................................3 
1.3 Approach ............................................................................................................................3 
1.4 Mode of Technology Transfer ............................................................................................4 

2 Project Overview .............................................................................................................................5 
2.1 Project Timeline .................................................................................................................5 
2.2 Project Participants ...........................................................................................................6 
2.3 Naval Hospital Interviews..................................................................................................7 

3 Fuel Cell Design and Installation ............................................................................................... 10 
3.1 Fuel Cell Building Application..........................................................................................10 
3.2 Conceptual Installation Design.......................................................................................10 
3.3 Detailed Design Drawings .............................................................................................. 12 

4 Fuel Cell Performance................................................................................................................. 30 
4.1 Operating History............................................................................................................ 30 
4.2 Fuel Cell Outage Summary............................................................................................. 33 
4.3 Fuel Cell Stack Degradation........................................................................................... 39 
4.4 Fuel Cell Maintenance Activities .................................................................................... 44 
4.5 Fuel Cell Retrofits.............................................................................................................51 
4.6 Fuel Cell Operation and Outage Summary.....................................................................51 

5 Fuel Cell Economics .................................................................................................................... 52 
5.1 Hospital Energy Costs..................................................................................................... 52 
5.2 Fuel Cell Maintenance Costs ......................................................................................... 55 
5.3 Fuel Cell Energy Savings .................................................................................................57 
5.4 Fuel Cell Lifecycle Costs ..................................................................................................57 

6 Summary, Conclusions, and Recommendations...................................................................... 61 
6.1 Review of Fuel Cell Demonstration at MCAGCC Twentynine Palms..............................61 
6.2 Lessons Learned ............................................................................................................ 62 
6.3 Recommendations ......................................................................................................... 62 

Appendix A:  Fuel Cell Acceptance Test Report............................................................................... 64 

Appendix B:  MCAGCC Twentynine Palms – Naval Hospital, Project Meeting Attendees.......... 90 



ERDC/CERL TR-06-17 iv 

 

Appendix C:  Review Letters for Original Design Drawings............................................................ 91 

Appendix D:  PC25B Fuel Cell Forced Outage Description Codes................................................. 95 

Appendix E:  Operational and Outage Periods................................................................................. 97 

Appendix F:  Summary of Maintenance Invoices by Year.............................................................119 

Appendix G:  Project Meeting Notes ...............................................................................................125 

Appendix H:  Fuel Cell Photographs................................................................................................136 

Report Documentation Page ...........................................................................................................140 

 



ERDC/CERL TR-06-17 v 

 

Figures and Tables 

Figures 

 1 Fuel cell installation................................................................................................................8 
 2 Fuel cell site after removal.....................................................................................................9 
 3 Original conceptual fuel cell location and interfaces (later changed)........................... 11 
 4 Original conceptual fuel cell thermal interface................................................................ 11 
 5 Final installation drawing – electrical wiring diagram.................................................... 14 
 6 Final installation drawing – electrical interface details.................................................. 16 
 7 Final installation drawing – ground grid plan details ...................................................... 18 
 8 Final installation drawing – heat recovery piping and instrumentation........................ 20 
 9 Final installation drawing – mechanical piping details................................................... 22 
 10 Final installation drawing – layout plan with mechanical and electrical routing ........ 24 
 11 Final installation drawing – foundation layout plan......................................................... 26 
 12 Final installation drawing – foundation layout plan side view........................................ 28 
 13 Fuel cell operating hours by month.................................................................................... 31 
 14 Forced outage occurrences by major system types......................................................... 37 
 15 Average forced outage durations by major system types................................................ 37 
 16 Number of forced outages by outage duration................................................................. 38 
 17 Total forced outage hours by major system types............................................................ 38 
 18 Fuel cell stack electrical efficiency degradation over time ............................................ 39 
 19 Electric efficiency trends with major system changes.................................................... 41 
 20 Fuel cell stack cell voltage degradation over time .......................................................... 42 
 21 Cell voltage trends by electric output ................................................................................ 44 
 22 Annual hospital electric consumption ............................................................................... 54 
 23 Annual hospital natural gas consumption......................................................................... 55 
 24 Annual trend in fuel cell maintenance costs .................................................................... 56 
 25 Annual fuel cell energy savings .......................................................................................... 58 

Tables 

 1 Time line of major events and milestones for the fuel cell at the MCAGG Naval 
Hospital.....................................................................................................................................5 

 2 Principal project participants at MCAGCC Twentynine Palms ..........................................7 
 3 List of changes to design drawings based on comments ...............................................12 
 4 Distribution of continuous hours of operation .................................................................. 31 



ERDC/CERL TR-06-17 vi 

 

 5 Fuel cell electrical performance characteristics.............................................................. 32 
 6 Fuel cell input fuel and thermal output characteristics .................................................. 32 
 7 Fuel cell electric efficiency ................................................................................................. 33 
 8 Distribution of non-operational hours by duration............................................................ 34 
 9 List of fuel cell outage periods............................................................................................ 34 
 10 Forced outage categories ................................................................................................... 35 
 11 Forced outage statistics...................................................................................................... 35 
 12 Trend of electrical efficiency with fuel cell load hours .................................................... 40 
 13 Major system changes and electrical efficiency trends.................................................. 41 
 14 Trend of cell voltage with fuel cell load hours................................................................... 43 
 15 Cell voltage analysis by electrical output.......................................................................... 43 
 16 Maintenance days and labor hours by year....................................................................... 45 
 17 Maintenance activities in 1995.......................................................................................... 45 
 18 Maintenance activities in 1996.......................................................................................... 45 
 19 Maintenance activities in 1997.......................................................................................... 47 
 20 Maintenance activities in 1998.......................................................................................... 48 
 21 Maintenance activities in 1999.......................................................................................... 49 
 22 Maintenance activities in 2000.......................................................................................... 50 
 23 SCE TOU-8 rate structure..................................................................................................... 52 
 24 Hospital energy bills for FY98............................................................................................. 53 
 25 Hospital energy bills for FY99............................................................................................. 53 
 26 Hospital energy bills for FY00............................................................................................. 53 
 27 Hospital energy bills for FY01 ............................................................................................. 54 
 28 Summary of fuel cell maintenance costs .......................................................................... 56 
 29 Annual energy savings at naval hospital ........................................................................... 57 
 30 Fuel cell demand savings .................................................................................................... 59 
 31 Lifecycle cost analysis ......................................................................................................... 60 
 32 Summary of fuel cell performance..................................................................................... 61 
 



ERDC/CERL TR-06-17 vii 

 

Preface 

In fiscal years 93 and 94, Congress provided funds for natural gas utilization 
equipment, part of which was specifically designated for procurement of 
natural gas fuel cells for power generation at military installations. The pur-
chase, installation, and ongoing monitoring of 30 fuel cells provided by these 
appropriations has come to be known as the “DOD Fuel Cell Demonstration 
Program.”  Additional funding was provided by:  the Office of the Deputy Un-
der Secretary of Defense for Industrial Affairs & Installations, ODUSD 
(IA&I)/HE&E; the Strategic Environmental Research & Development Pro-
gram (SERDP); the Assistant Chief of Staff for Installation Management 
(ACSIM); the U.S. Army Center for Public Works (CPW); the Naval Facilities 
Engineering Service Center (NFESC); and Headquarters (HQ), Air Force Civil 
Engineer Support Agency (AFCESA). 

The work was performed by the Energy Branch (CF-E), of the Facilities Divi-
sion (CF), Construction Engineering Research Laboratory (CERL). The CERL 
Principal Investigator was Franklin H. Holcomb. Part of this work was done 
by Science Applications International Corporation (SAIC) under General Ser-
vices Administration (GSA) contract No. 5TS5703C166. J. Michael Torrey and 
John F. Westerman are associated with SAIC. Dr. Thomas Hartranft is Chief, 
CEERD-CF-E, and L. Michael Golish is Chief, CEERD-CF. The associated 
Technical Director was Dr. Paul A. Howdyshell, CEERD-CVT. The Director of 
CERL is Dr. Ilker R. Adiguzel. 

CERL is an element of the U.S. Army Engineer Research and Development 
Center (ERDC), U.S. Army Corps of Engineers. The Commander and Execu-
tive Director of ERDC is COL James R. Rowan, and the Director of ERDC is 
Dr. James R. Houston. 
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Unit Conversion Factors 

Multiply By To Obtain 

acres 4,046.873 square meters 

cubic feet 0.02831685 cubic meters 

cubic inches 0.00001638706 cubic meters 

degrees (angle) 0.01745329 radians 

degrees Fahrenheit  (5/9) x (°F – 32) degrees Celsius 

degrees Fahrenheit (5/9) x (°F – 32) + 
273.15. kelvins 

feet 0.3048 meters 

gallons (U.S. liquid) 0.003785412 cubic meters 

horsepower (550 ft-lb force per second) 745.6999 watts 

inches 0.0254 meters 

kips per square foot 47.88026 kilopascals 

kips per square inch 6.894757 megapascals 

miles (U.S. statute) 1.609347 kilometers 

pounds (force) 4.448222 newtons 

pounds (force) per square inch 0.006894757 megapascals 

pounds (mass) 0.4535924 kilograms 

square feet 0.09290304 square meters 

square miles 2,589,998 square meters 

tons (force) 8,896.443 newtons 

tons (2,000 pounds, mass)  907.1847 kilograms 

yards 0.9144 meters 
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1 Introduction 

1.1 Background 

In fiscal year 1993 (FY93), the U.S. Congress appropriated $18 million to ad-
vance the use of phosphoric acid fuel cells (PAFCs) at Department of Defense 
(DOD) installations. An additional $18.75 million was appropriated in FY94 
to expand the program. The Engineer Research and Development Center, 
Construction Engineering Research Laboratory (ERDC-CERL) was assigned 
the mission of managing the DOD Fuel Cell Demonstration Program. Specific 
tasks included developing turnkey PAFC packages, devising site criteria, 
screening candidate DOD installation sites based on selection criteria, evalu-
ating viable applications at each candidate site, coordinating fuel cell site de-
signs, installation and acceptance of the PAFC power plants, and performance 
monitoring and reporting. 

Thirty DOD fuel cell sites were selected based on the following criteria: 

1. Geographic diversity 
2. Application diversity 
3. Fuel cell utilization at site 
4. Energy cost savings. 

The first two criteria are related more to overall program goals; the last are 
typical criteria for most fuel cell evaluations. It was important for the DOD 
Fuel Cell Program sites to represent a cross section of both “base” (including 
climate) and “building” applications. It was also important to identify applica-
tions where a high percentage of the fuel cell thermal and electrical output 
could be used at the site to demonstrate the greatest possible benefits. 

Energy savings were less important in this Program than is typical with com-
mercial applications since fuel cells purchased by the DOD were given to the 
Program sites. The economic criteria for each application was to generate at 
least $25,000 per year in energy savings, which would essentially cover an-
nual maintenance costs. This would enable the fuel cell to pay for itself once 
the responsibility for maintenance was turned over to the base (after ap-
proximately 5 years). 
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The program followed a consistent approach for selecting sites, designing and 
reviewing installation plans, installing and maintaining the fuel cells, collect-
ing fuel cell performance data and project decommissioning. This involved: 

1. Preliminary Screening. Base energy data from the Defense Energy Infor-
mation System (DEIS) was used to rank DOD sites by utility rates and po-
tential fuel cell energy savings. DOD base personnel were contacted to 
identify their interest in hosting a fuel cell demonstration unit and to iden-
tify a preliminary list of potential building applications. The Navy and Air 
Force provided an initial list of candidate sites for consideration. 

2. Site Visits. ERDC-CERL and Science Applications International Corpora-
tion (SAIC) representatives visited each base, evaluated potential fuel cell 
application sites and discussed possibilities with site personnel. Energy 
consumption and rates, hours of operation, availability of space, etc. and 
other information was collected during the site visit. 

3. Site Evaluation Reports. SAIC prepared a site evaluation report* docu-
menting site information, presenting conceptual fuel cell installation 
plans, estimation of electrical and thermal energy savings, and projected 
fuel cell energy savings. Based on the viability of the proposed fuel cell ap-
plication, the base was accepted as a program site. 

4. Kick-off Meetings. ERDC-CERL, SAIC, United Technologies Corp. (UTC) 
Fuel Cells (formerly ONSI Corp. and International Fuel Cells) and site per-
sonnel met to review the site evaluation report, discuss relevant issues, 
schedules, and any other concerns. UTC Fuel Cells collected site data for 
use in preparing the detailed site installation drawings. 

5. Design Review Meetings. Detailed design drawings were submitted by 
UTC Fuel Cells for review by ERDC-CERL, SAIC, and site personnel. Spe-
cific issues related to the design were discussed and UTC Fuel Cells would 
incorporate changes to the drawings based on the input received. 

6. Acceptance Tests. Installation of the fuel cells was the responsibility of 
UTC Fuel Cells. After the fuel cell installation was completed, a series of 
tests were performed to validate fuel cell performance. Upon successful 
completion, the fuel cell was turned over to the base, but operation and 
maintenance remained the responsibility of UTC Fuel Cells for approxi-
mately 5 years. Appendix A  includes a copy of the acceptance test report. 

7. Dedication Ceremonies. Many of the fuel cell sites held a fuel cell dedica-
tion ceremony as part of their program participation. Often, dignitaries 
such as Generals and State Governors were in attendance. 

                                                                 

* Michael J. Binder, Franklin H. Holcomb, and William R. Taylor, ERDC/CERL Technical Report (TR) 01-32/ 
ADA389308, paa, Site Evaluation for Application of Fuel Cell Technology:  Naval Hospital—Marine Corps Air 
Ground Combat Center Twentynine Palms, CA (ERDC-CERL, Champaign, IL, March 2001) 
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8. Fuel Cell Operations. The fuel cells operated for 3 to 5 years. UTC Fuel 
Cells was responsible for maintenance of the power plant as well as collec-
tion of fuel cell performance data. 

5. Fuel Cell Decommissioning. At the conclusion of the demonstration pe-
riod, UTC Fuel Cells was responsible for removing the fuel cell and return-
ing the site to the its condition before to the fuel cell installation. Each of 
the FY93 fuel cell sites, including MCAGCC Twentynine Palms, was given 
the opportunity to keep the fuel cell power plant at the end of the demon-
stration and take responsibility for all costs and issues related to opera-
tion, performance and decommissioning. 

This report presents a detailed review of a 200 kW fuel cell installed at the 
Marine Corps Air Ground Combat Center (MCAGCC) – Twentynine Palms. 
The base is located in Twentynine Palms, CA, approximately 150 miles east of 
Los Angeles. The fuel cell was installed at the Naval Hospital as part of the 
DOD Fuel Cell Demonstration Program. The fuel cell operated between June 
1995 and May 2000.  This report also reflects follow-up investigation of oper-
ating information accomplished after 2001. 

1.2 Objective 

The overall objective of the Fuel Cell Demonstration Program was to: 

• demonstrate fuel cell capabilities in real-world situations 
• stimulate growth and economies of scale in the fuel cell industry 
• determine the role of fuel cells in DOD’s long-term energy strategy. 

This specific objective of this part of the program was to give a detailed review 
of the PAFC fuel cell demonstration at the Marine Corps Air Ground Combat 
Center (MCAGCC) – Twentynine Palms, CA. 

1.3 Approach 

The review process involved: 

1. Collecting data from the Fuel Cell Demonstration Project at MCAGCC 
2. Analyzing the data in terms of the technology’s capabilities, performance, 

and potential for a continuing role in the DOD’s long-term energy strategy 
3. Compiling lessons learned from the demonstration experience 
4. Making recommendations for continued/improved use of the technology 

at DOD installation. 
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1.4 Mode of Technology Transfer 

Results of this work will be forwarded directly to the funding sponsor and to 
the participating installation. This report will be made publicly accessible 
through the World Wide Web (WWW) at URL: 

http://www.cecer.army.mil 

http://www.dodfuelcell.com 

http://www.cecer.army.mil/
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2 Project Overview 
This chapter reviews the timeline of events and the project participants in-
volved in the fuel cell demonstration unit for the Naval Hospital at Marine 
Corps Air Ground Combat Center – Twentynine Palms. 

2.1 Project Timeline 

The first formal activity related to the fuel cell demonstration unit at the Na-
val Hospital was a site evaluation meeting held in December 1993. Between 
20 June 1995 and 20 May 2000, the fuel cell operated for 21,889 hours and 
generated more than 3,500 MWh of electricity. The fuel cell had its last forced 
outage on 20 May 2000 and the fuel cell was removed in February 2001. (No 
fuel cell was in operation during this time.)  Table 1 lists the major events and 
milestones for this fuel cell demonstration unit. Chapter 4 of this report gives 
a more detailed analysis of the fuel cell operation and performance history. 

Table 1.  Time line of major events and milestones for the fuel cell at the MCAGG 
Naval Hospital. 

Date Event 

 8-9 December 1993 Site evaluation meeting held at Twentynine Palms 

 8 March 1994 Site evaluation report submitted by SAIC 

 18 March 1994 Twentynine Palms selected as demonstration site 

 3 May 1994 Project kick-off Meeting held at Twentynine Palms 

 16 January 1995 Draft design drawings submitted by UTC Fuel Cells 

 14 February 1995 Fuel cell design review completed by SAIC 

 27 February 1995 ONSI submits revised drawings 

 2 March 1995 Fuel cell design review meeting held at Twentynine Palms 

 3 March 1995 Base authorizes commencement of site construction  

 13 March 1995 Start of construction 

16-21 June 1995 Acceptance testing performed 

 23 June 1995 Acceptance Test Meeting; Form DD250 signed by Twentynine Palms 

 26 July 1995 1,000 hours of operation milestone 

 9 August 1995 Fuel Cell Dedication Ceremony 

 14 January 1996 Fuel cell shut down due to fleet-wide water issues 

 28 March 1996 Install new fuel cell stack 

 7 August 1996 SAIC monitoring system installed 

 9 August 1996 Reverse osmosis system installed; fuel cell restarted 
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 14 July 1996 5,000 hours of operation milestone 

 10 March 1997 10,000 hours of operation milestone 

 30 January 1998 15,000 hours of operation milestone 

 11 May 1998 Replace heat exchangers 

 1 October 1999 20,000 hours of operation milestone 

 20 May 2000 Fuel cell shut down for final time 

 6 July 2000 Base requests to have fuel cell removed 

  February 2001 Fuel cell removed 

The time between the initial site evaluation meeting and the fuel cell accep-
tance test  time  was approximately 18 months. It took approximately 3½ 
months to install the fuel cell following acceptance of the installation design. 
UTC Fuel Cells was responsible for the installation of all 30 fuel cells installed 
as part of this program. GBC Electrical Services installed the fuel cell as a sub-
contractor to UTC Fuel Cells. 

2.2 Project Participants 

The successful demonstration of this fuel cell unit required the efforts of sev-
eral organizations and individuals: 

• ERDC-CERL had overall responsibility for the DOD Fuel Cell Demonstra-
tion Program unit installed at the Naval Hospital. ERDC-CERL was re-
sponsible for contracting with the fuel cell manufacturer, identifying all 
sites, managing all site evaluations, and overseeing all design, installation, 
operation, and maintenance activities. 

• UTC Fuel Cells manufactured the PC25B and PC25C fuel cells used at the 
bases. They were responsible for manufacturing the fuel cell as well as the 
detailed design drawings, fuel cell installation, operation/maintenance 
and, if necessary, fuel cell removal. 

• SAIC was responsible for evaluating potential building applications at 
each site, developing fuel cell conceptual designs, performing a prelimi-
nary economic analysis and submitting the site evaluation report for re-
view by all parties. In addition, SAIC was involved in the detailed design 
reviews and participating in the design review meetings. For this demon-
stration unit, SAIC also conducted independent performance monitoring 
of the fuel cell. 

• GBC Electrical Services was the installation contractor for this fuel cell. In 
addition, they performed the maintenance on the fuel cell and were in-
volved in its removal. 
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• The Naval Hospital was directly involved in the review and approval of the 
fuel cell project as well as coordination of maintenance activities with GBC 
Electrical Services. 

• MCAGCC personnel provided review and approval for various aspects of 
the project including fire and utilities interfaces. 

Table 2 lists the individuals involved in this demonstration project at the Na-
val Hospital. 

Table 2.  Principal project participants at MCAGCC Twentynine Palms. 

Organization Name Project Role 

ERDC-CERL Dr. Michael Binder 
Frank Holcomb 
William Taylor 
Gerald Cler 

Manager, Fuel Cell Demonstration Program 
Fuel Cell Project Manager 
Fuel Cell Project Manager 
Fuel Cell Project Manager 

UTC Fuel Cells Joseph Staniunis 
Douglas Young 
Thomas Pompa 

Installation Designer 
Technical Representative 
Installation/Maintenance Coordinator 

Science Applications Int’l 
Corp. 

Gerry Merten 
Mike Torrey 

Principal Technical Manager 
Project Manager 

Naval Hospital Tiffany Monaco 
Patrick Dougherty 
C.J. Chitwood 

Naval Hospital Point of Contact 
MCAGCC Utilities Engineer 
Naval Hospital 

MCAGCC Twentynine Palms Howard DeVore 
Stuart Hammons 
Luke Wren 

Base Public Works 
Utilities Engineer 
Facilities Management 

GBC Electrical Services George Collard 
Ray Aselin 

Installation/Maintenance Contractor 
Electrician 

Appendix B lists the attendees lists for the Site Evaluation, Kick-off, Design 
Review, and Acceptance Testing meetings. No attendees list was created for 
the Dedication Ceremony. 

2.3 Naval Hospital Interviews 

Personnel from the Naval Hospital at Twentynine Palms were contacted to 
discuss their overall experience with the fuel cell demonstration. The original 
point of contact person, Ms. Tiffany Monaco, was involved with the project 
from the initial site evaluation through the early part of the fuel cell’s opera-
tion. Since Ms. Monaco was not available for an interview, Mr. Patrick 
Dougherty, who took over as site point of contact, agreed to be interviewed. 

Mr. Dougherty was responsible for facilities maintenance at the Naval Hospi-
tal. He was involved with the fuel cell demonstration from its inception and 
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attended the site evaluation meeting back in December 1993. Mr. Dougherty 
expressed his approval of the fuel cell technology, but stated that he “wished 
that it operated more than it did.”  His view of the technology is generally 
positive and he is open to participating in another fuel cell demonstration, 
should the opportunity present itself. 

The facility personnel conducted an analysis of costs associated with contin-
ued operation of the fuel cell, including replacement of the cell stack. The re-
sults of the analysis revealed that it would not be economically viable to con-
tinue to operate the fuel cell at the Naval Hospital. As a result, the Naval 
Hospital requested that the fuel cell be removed from the equipment pad fol-
lowing the demonstration period. Figure 1 shows the fuel cell installation. 
Figure 2 shows the fenced area where the fuel cell had been installed. The tall 
tank at the back left corner was for storing fuel cell thermal output. The area 
is now used for storage of miscellaneous items. 

 
Figure 1.  Fuel cell installation. 
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Figure 2.  Fuel cell site after removal. 
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3 Fuel Cell Design and Installation 
This Chapter reviews the basic fuel cell design and installation procedures 
used for the Naval Hospital fuel cell at Twentynine Palms. 

3.1 Fuel Cell Building Application 

The Naval Hospital building opened in early 1993, the same year that the site 
evaluation meeting was held. The hospital is a 190,000 sq ft facility with 39 
patient beds and various specialty clinic facilities. The facility operates 24 
hours per day. In addition to the hospital, a barracks was considered as a pos-
sible candidate site for the fuel cell. However, the barracks was eliminated 
from further consideration because it was scheduled to be torn down within a 
couple of years. ERDC-CERL TR 01-32 provides more details about the site 
evaluation. 

3.2 Conceptual Installation Design 

Based on the initial site evaluation meeting in December 1995, a preliminary 
conceptual design for the fuel cell installation was prepared. Figure 3 shows 
the layout of the hospital mechanical/electrical rooms, an outdoor equipment 
yard and an open space area between them. 

The fuel cell was originally proposed to be located adjacent to the outdoor 
equipment yard that contained cooling towers, an electrical room, and three 
1,000 kW backup generators. Because the open space between the equipment 
yard and the hospital building had a 5 to 10 percent grade, locating the fuel 
cell next to the mechanical rooms was deemed problematic. Subsequently, 
aesthetic and practical issues were resolved and the fuel cell was sited next to 
the mechanical rooms. This new location provided closer proximity to both 
the natural gas and thermal interface locations. 

The main natural gas line enters the building just outside the boiler room. The 
gas line would to be tapped into and run over the to fuel cell pad (approxi-
mately 50 ft). 

The fuel cell electrical interface was originally to be tied into the low voltage 
side of the 12,000/480V transformers located in the equipment yard. Once 
the fuel cell location was moved, the point of electrical interface was moved to 
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the electrical panels located inside the hospital building. A dedicated load 
would later be identified for connecting to the grid-independent output inter-
face of the fuel cell. 

The thermal interface was to tie into the domestic hot water (DHW) system at 
the hospital. Figure 4 shows the proposed fuel cell thermal interface where 
water is pulled from the make-up line, heated up in the fuel cell, and then sent 
back to the DHW steam heaters. The tank size was reduced to 1,000 gal for 
the actual installation. The thermal piping distance was estimated at ap-
proximately 35 ft. 

 
Figure 3.  Original conceptual fuel cell location and interfaces (later changed). 

 
Figure 4.  Original conceptual fuel cell thermal interface. 
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3.3 Detailed Design Drawings 

UTC Fuel Cells submitted an original set of design drawings on 16 January 
1995. The drawings were reviewed by base personnel, ERDC-CERL and SAIC. 
New drawings were made for the design review meeting held on 2 March 1995 
at the Naval Hospital. Appendix B includes the attendees list. 

The following drawings were submitted: 
S-1:  Foundation Layout Plan 
S-2:  Foundation Layout Plan / Side View A-A 
ME-1: Site Layout Plan with Mechanical & Electrical Routing 
M-1: Heat Recovery Piping & Instrumentation 
M-2: Mechanical Piping Details 
E-1: Electrical Wiring Diagram 
E-2: Electrical Interface Details 
E-3: Electrical Details 

The most significant changes from the initial conceptual design involved mov-
ing the fuel cell from the equipment yard to a location with closer proximity to 
the mechanical building, reducing the size of the storage tank from 5,000 to 
1,000 gal and adding a grid-independent interface with the hospital. 

Reviewers submitted comments based on the initial drawings. Appendix C 
includes copies of these comments. Table 3 lists the changes made to the de-
tailed site drawings, both before and after the design review meeting. Figures 
5 through 12 show the final installation drawings. 

Table 3.  List of changes to design drawings based on comments. 

Drawing Changes 

S-1 1. Equipment positioning adjustments made including nitrogen tank rack to back 
side of pad. 

 2. Fence lengthened 1 ft. to 52 ft. 

 3. Full concrete pad within fence. 

 4. Add drainage accommodations at building end of pad. 

S-2 1. Equipment position adjustments. 

ME-1 1. DHW interface piping size changed from 2” to 3.” 

 2. Rerouted high pressure gas line up to fuel cell pad where low pressure regulator 
would be installed. 

 3. Phone line conduit added to drawing. 

 4. Typographical error corrected: gas pipe is 3,” not 3’. 

 5. Equipment position adjustments as on S-1. 

 6. Spare conduit added (emergency power cord). 

 7. Building wall penetrations noted. 
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Drawing Changes 

 8. Disconnect labels changed (reversed GC & GI). 

M-1 1. Noted added that contractor would inspect water make-up  line to insure that po-
table water system is isolated from city water system by an approved backflow 
prevention device in the existing system. 

 2. Typographical error corrected: water tank diameter 4 ft, not 4 in. 

 3. Mixing valves labeled. 

 4. Closed valves illustrated 

M-2   No changes. 

E-1 1. Grounding illustration changed to correspond to E-3 drawing. 

E-2 No Changes 

E-3 1. Ground grid updated. 
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Figure 5.  Final installation drawing – electrical wiring diagram. 
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Figure 6.  Final installation drawing – electrical interface details. 
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Figure 7.  Final installation drawing – ground grid plan details. 
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Figure 8.  Final installation drawing – heat recovery piping and 
instrumentation. 
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Figure 9.  Final installation drawing – mechanical piping details. 
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Figure 10.  Final installation drawing – layout plan with mechanical and 
electrical routing. 
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Figure 11.  Final installation drawing – foundation layout plan. 
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Figure 12.  Final installation drawing – foundation layout plan side view. 
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4 Fuel Cell Performance 
This Chapter summarizes fuel cell operating performance, outage history, and 
maintenance activities. 

4.1 Operating History 

The fuel cell started operation in mid-June of 1995. Acceptance tests were 
performed between 16 and 21 June. Appendix A includes the Acceptance Test 
Report. Official data recording for the demonstration began on 20 June. The 
formal acceptance test meeting was held a few days later on 23 June, with title 
to the fuel cell transferred to the Naval Hospital using Form DD250. The 
power plant continued to operate (for 912 hours of continuous operation) un-
til an event on 28 July 1995. A total of 36 power plant shut downs were re-
corded between 20 June 1995 with the final shut down occurring on 26 May 
2000. There were 33 forced outages and 3 scheduled outages. 

Performance data was collected via UTC Fuel Cells’ RADAR data acquisition 
system. Using a modem and telephone line, the power plant was called rou-
tinely to retrieve a “snapshot” of the current status. Included in the metrics 
collected were cumulative totals for hot time, load time, MWHrs, input fuel, 
thermal output, etc. These data records were then used to generate the vari-
ous performance parameters discussed in this report. 

A total of 21,890 operating load hours were recorded for the Naval Hospital 
fuel cell. Of the 36 separate operating periods, eight of them had continuous 
fuel cell operating hours of more than 1,000 hours. The longest continuous 
operating period was 2,069 hours (~12 weeks) and occurred between 9 Au-
gust  and 3 November 1996. Table 4 lists the distribution of continuous peri-
ods of operation for this fuel cell. 

Figure 13 shows the hours of operation and outages on a monthly basis for the 
entire demonstration period. Between 20 June 1995 and 20 May 2000 
(43,094 hours), the fuel cell operated a total of 21,890 hours, which repre-
sents an availability of 50.8 percent. 
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Table 4.  Distribution of continuous hours of operation. 

Hours of Operation Occurrences 

Over 3,000 hours 0 

2,001 – 3,000 hours 1 

1,001 – 2,000 hours 7 

751 – 1,000 hours 5 

501 – 750 hours 5 

250 – 500 hours 4 

Less than 250 hours 14 
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Figure 13.  Fuel cell operating hours by month. 

The fuel cell generated over 3.5 million kWh of electricity for the Naval Hospi-
tal during the demonstration period. The data listed in Table 5 summarize 
annual fuel cell electrical performance at the Naval Hospital. The average 
electrical output of the fuel cell during operation was 161 kW over the 5+ year 
period. The data shows that the average annual rate of electrical output from 
the fuel cell through 1997 was 175 kW and decreased to an average low of 123 
kW in 1999. 
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Table 5.  Fuel cell electrical performance characteristics. 

Year Operating Hours MWhrs  Avg. kW  

1995 3,705 633.8 171 

1996 4,836 838.8 173 

1997 5,970 1,071.5 179 

1998 1,989 315.8 159 

1999 4,253 521.7 123 

2000 1,136 140.8 124 

Total/Avg. 21,890 3,522.4 161 

The average rate of heat recovered and used by the Naval Hospital “thermal 
utilization” was only a fraction of the fuel cell’s 700,000 Btu/hour capacity. 
The site only used an average of 40,750 Btu/hour (<6 percent utilization). 
The data indicates that no heat was recovered in 2000. The level of heat re-
covery is important in that heat recovered from the fuel cell offsets the quan-
tity of heat that must be produced (i.e., reduces natural gas consumption) by 
conventional heating systems at the facility thereby creating additional cost 
savings attributable to the fuel cell. Table 6 lists thermal output performance 
as well as natural gas consumption characteristics for the fuel cell. The fuel 
cell consumed natural gas at an average rate of 1,664.3 cu ft per hour during 
the course of the demonstration. The rate of natural gas consumption is fairly 
linear with the electric output at 10.5 cu ft/kW. The thermal efficiency com-
ponent for the heat recovered from the fuel cell added approximately 2.38 
percent to overall efficiency of the fuel cell. 

Table 6.  Fuel cell input fuel and thermal output characteristics. 

Year 
Input Fuel  

(cu ft) 
Input Fuel  
(cu ft/hr) 

Thermal Heat 
Recovery 
(therms) 

Avg. Rate of 
Thermal Heat 

Recovery 
(kBtu/hr.) 

Fuel Cell Thermal 
Efficiency 
(HHV) %* 

1995 6,488,973.3 1,751.3 2,146.4 57.9 3.21 

1996 8,339,251.1 1,724.3 3,118.1 64.5 3.63 

1997 11,093,926.4 1,858.2 3,251.1 54.5 2.85 

1998 3,419,098.2 1,718.7 226.2 11.2 0.63 

1999 5,577,173.3 1,311.3 182.1 4.3 0.32 

2000 1,514,140.0 1,333.1 0 0 0.00 

Total/Avg. 36,432,562.3 1,664.3 8,923.9 40.8 2.38 

* Higher Heating Value (HHV) is based on a natural gas heating value of 1,030 Btu/cubic foot. 

Table 7 lists the fuel cell electrical efficiency based on higher heating value 
(HHV) for each year of operation. The average electrical efficiency for the 
demonstration was 32.0 percent (HHV). 
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Table 7.  Fuel cell electric efficiency. 

Year MWhrs 
Input Fuel 

(cu ft) 

Electrical 
Efficiency 
(HHV)- %* 

1995 633.8 6,488,973.3 32.4 

1996 838.8 8,339,251.1 33.3 

1997 1,071.5 11,093,926.4 32.0 

1998 315.8 3,419,098.2 30.6 

1999 521.7 5,577,173.3 31.0 

2000 140.8 1,514,140.0 30.8 

Total/Avg. 3,522.4 36,432,562.3 32.0 

* Higher Heating Value (HHV) is based on a natural gas heating 
value of 1,030 Btu/cubic foot, calculated as: 

 Efficiency = ((MWhrs x 1,000,000 Watt-hrs/MWhrs x 3.413 
Btu/Watt) / (cu ft x 1,030 Btu/cubic foot)) x 100 

4.2 Fuel Cell Outage Summary 

Between 20 June 1995 and 20 May 2000 (43,094 hours), the fuel cell had 36 
outages resulting in 21,204 hours of downtime. The fuel cell’s availability was 
50.8 percent: 

50.8% = ((43,094 – 21,204) / (43,094)) x 100 

The outages were identified from the RADAR performance monitoring system 
data. Because data records are collected on average once per day, outage 
times occasionally had to be interpolated. Sometimes the modem did not re-
spond or the phone line was down, which prevented a full complement of data 
records. 

The longest outage was for 3,937 hours and occurred between 4 July  and 15 
December 1998. The next longest outage period occurred between 10 Decem-
ber 1999 and 3 April 2000 (2,746 hours). Table 8 lists the distribution of out-
age periods by hours of outage duration. 

Table 9 lists the start and end dates/times (chronologically), the outage dura-
tion hours, and the outage type for the 36 individual events. Appendix D in-
cludes the complete list of outage codes for the PC25B fuel cell. 
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Table 8.  Distribution of non-operational hours by duration. 

Outage Hours Occurrences 

Over 3,000 hrs 1 

2,001 – 3,000 hrs 2 

1,001 – 2,000 hrs 1 

751 – 1,000 hrs 1 

501 – 750 hrs 0 

250 – 500 hrs 10 

Less than 250 hrs 27 

 

Table 9.  List of fuel cell outage periods. 

No. Off Date Stamp On Date Stamp 
Total  
Outage Hrs 

Hours to Next 
Outage Type System Part 

  6/20/95 15:51  912.00    

1 7/28/95 15:51 7/28/95 16:24 0.55 823.10 F APS FT140 

2 8/31/95 23:30 9/3/95 11:34 60.07 597.35 F TMS TCV400 

3 9/28/95 08:55 11/2/95 09:11 840.27 1753.15 F TMS PMP400 

4 1/14/96 10:20 4/17/96 14:02 2,259.70 173.85 F OTR SBSTK 

5 4/24/96 19:53 5/4/96 18:40 238.78 15.55 F CVS CV500 

6 5/5/96 10:13 6/14/96 13:20 963.12 5.00 F ES MCB001 

7 6/14/96 18:20 6/18/96 22:55 100.58 968.08 F ES MCB002 

8 7/29/96 07:00 8/9/96 15:30 272.50 2068.70 N   

9 11/3/96 20:12 11/6/96 10:19 62.12 693.02 F TMS FS400 

10 12/5/96 07:20 12/7/96 10:50 51.50 947.87 F OTR  

11 1/15/97 22:42 1/28/97 20:30 309.80 247.67 F OTR CRB 

12 2/8/97 04:10 2/8/97 17:55 13.75 723.98 F OTR CRB 

13 3/10/97 21:54 3/11/97 18:05 20.18 531.25 F OTR  

14 4/2/97 21:20 4/3/97 20:01 22.68 1235.48 F OTR  

15 5/25/97 07:30 6/5/97 23:25 279.92 659.68 F FPS  

16 7/3/97 11:06 7/22/97 18:36 463.50 65.68 F TMS FT140 

17 7/25/97 12:17 7/26/97 14:44 26.45 135.53 N   

18 8/1/97 06:16 8/13/97 16:56 298.67 120.07 F OTR PC 

19 8/18/97 17:00 8/22/97 13:08 92.13 160.20 F OTR K001 

20 8/29/97 05:20 9/30/97 19:28 782.13 1603.53 F ES UPS001 

21 12/6/97 15:00 12/26/97 14:27 479.45 300.85 F OTR K002 

22 1/8/98 03:18 1/23/98 13:50 370.53 851.75 F OTR FCV012 

23 2/28/98 01:35 3/26/98 17:20 639.75 12.18 F OTR  

24 3/27/98 05:31 4/18/98 11:50 534.32 137.00 F ES UPS001 

25 4/24/98 04:50 5/11/98 19:00 422.17 17.32 F ES MCB003 

26 5/12/98 12:19 6/16/98 16:32 844.22 429.87 F OTR CSA 

27 7/4/98 14:24 12/15/98 16:05 3,937.68 1626.92 N TMS  

28 2/21/99 11:00 4/6/99 21:00 1,066.00 1008.33 F OTR GRND 
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Table 9.  List of fuel cell outage periods. 

No. Off Date Stamp On Date Stamp 
Total  
Outage Hrs 

Hours to Next 
Outage Type System Part 

29 5/18/99 21:20 5/20/99 16:30 43.17 349.83 F APS FT140 

30 6/4/99 06:20 8/20/99 13:48 1,855.47 122.18 F OTR  

31 8/25/99 15:59 9/2/99 12:08 188.15 8.58 F APS FT140 

32 9/2/99 20:43 9/3/99 17:12 20.48 1018.30 F APS FIL100 

33 10/16/99 03:30 11/1/99 19:31 400.02 149.02 F WTS  

34 11/8/99 00:32 11/23/99 13:06 372.57 408.60 F OTR INV 

35 12/10/99 13:42 4/3/00 00:00 2,746.30 1134.00 F TMS FS400 

36 5/20/00 06:00 Final Outage   F PSS VT310 

Thirty-three of the outages were classified as “forced outages,” which contrib-
uted to a total of 16,420 hours of down time. Forced outages are broadly clas-
sified by the major fuel cell sub-systems listed in Table 10. 

Table 10.  Forced outage categories. 

Category Description  

PSS Power section system 

APS Air processing system 

CVS Cabinet ventilation system 

ES Electrical system 

FPS Fuel processing system 

OTR Other 

TMS Thermal management system 

WTS Water treatment system 

Table 11 lists the forced outages by major system categories. 

Table 11.  Forced outage statistics. 

Category 
Number of 

Occurrences 

Total 
Outage 
Time 

Min. Outage 
Time per 

Occurrences 

Max. Outage 
Time per 

Occurrences 

Avg. Outage 
Time per 

Occurrence 

APS 4 252.4 0.6 188.2 63.1 

CVS 1 238.8 238.8 238.8 238.8 

ES 5 2,802.3 100.6 963.1 560.5 

FPS 1 279.9 279.9 279.9 279.9 

OTR 14 7,852.2 13.8 2,259.7 560.9 

PSS* 1 0.0 — — — 

TMS 6 4,594.4 60.1 2,746.3 765.7 

WTS 1 400.0 400.0 400.0 400.0 

 33 16,420   497.6 

*Final outage (no time associated) 
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Fourteen of the thirty-three (42 percent) forced outages were classified as 
Other. The most frequent number of outages in the Other category were at-
tributed to circuit breakers (CRB). In addition, circuit breakers K001 and 
K002 were attributed to 571.6 hours of total outages. The longest outage in 
the Other category was 2,259.7 hours (between January and April 1996) due 
to a problem with the cell stack. This occurred early on in the demonstration 
with 4,174 load hours on the fuel cell. At this time the cell stack was replaced. 
In July 1996, an external reverse osmosis water treatment unit was installed 
to address hard water problems that were having adverse affects on the fuel 
cell operation. Similar characteristics were also observed in other fuel cells 
installed in the southwestern region of the country, including Camp Pendle-
ton, Edwards AFB, Davis-Monthan AFB, and Fort Huachuca. After significant 
analysis by UTC Fuel Cells, it was concluded that the hard water characteris-
tics of the water supply was contributing to restrictions and blockages in the 
cooling system, which subsequently caused some of the fuel cell stacks to 
overheat and fail. Hard water is water that contains a high level of dissolved 
minerals, most notably calcium and magnesium. The degree of hardness in-
creases with increased levels of calcium and magnesium. When hard water is 
heated, the dissolved minerals precipitate out of solution and attaches to 
plumbing and heat exchangers. To control the water chemistry of these sys-
tems, water treatment systems were installed. 

The fewest number of forced outages by major system type (one occurrence 
each) were for the cabinet ventilation, fuel processing, and power section sys-
tems. The outage associated with the power section system was the final out-
age, which was not resolved. 

Figure 14 shows a graph of forced outage occurrences. 
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Frequency of Forced Outages by Major System Type
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Figure 14.  Forced outage occurrences by major system types. 

Figure 15 shows the average duration of forced outage hours by major system 
category. The Thermal Management System (TMS) had the longest average 
duration at 765.7 hours per outage. The TMS accounted for 6 outages and a 
total of 4,594.4 hours. The shortest TMS outage was 60.1 hours (temperature 
control valve: TCV400) and the longest outage was 2,746.3 hours (flow 
switch: FS400). 
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Figure 15.  Average forced outage durations by major system types. 

The outages that occurred most frequently for a specific fuel cell component 
were the motorized circuit breakers (MCB) and the air flow transmitter 
(FT140). During the demonstration, each of the three MCBs failed and ac-
counted for a total of 1,485.9 hours of fuel cell outage. In addition, FT140 at-
tributed to three forced outages for a combined duration of 695.4 hours. 

* Final forced outage that was never resolved 
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These data show that forced outages have a significant impact on the avail-
ability of the fuel cell. The shortest outage lasted for 0.55 hours, and five out-
ages lasted less than 24 hours. Of nine total outages with durations over 30 
days, three lasted more than 90 days. Figure 16 shows the distribution of out-
ages by their duration. 
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Figure 16.  Number of forced outages by outage duration. 

Figure 17 shows the total hours of forced outage based on the major system 
category with the OTR at 48 percent and TMS at 28 percent. 

Forced Outages by Major Equipment Category

TMS = 4,594.4 hours
28%

APS = 252.4 hours
2%

FPS = 279.9 hours
2%

ES = 2,802.3 hours
17%

CVS = 238.8 hours
1%

OTR = 7,852.2 hours
48%

PSS* = Final Outage not 
Resolved

0%

WTS = 400.0 hours
2%

Total Hours of Forced Outages = 16,420.0 
 

Figure 17.  Total forced outage hours by major system types. 

* Final forced outage that was never resolved 
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4.3 Fuel Cell Stack Degradation 

The trend of the fuel cell electrical efficiency based on the lower heating value 
(LHV) of natural gas was analyzed based on the hours of fuel cell operation. 
The data was acquired through the UTC Fuel Cells’ RADAR system. Data re-
cords are for fuel cell operation when the electrical output was greater than 50 
kW in order to eliminate data from fuel cell testing and startup operation. 
Note that the data records were not recorded on regular intervals and 3,126 
data points were used for this analysis. Figure 18 charts the individual data 
points with hours of operation in an X-Y plot. For this data set, the average 
LHV electrical efficiency is 36.0 percent. 
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Figure 18.  Fuel cell stack electrical efficiency degradation over time. 

A linear regression was conducted on the data to characterize average effi-
ciency trends for the fuel cell. The regression equation is: 

Electric Efficiency % (LHV) = ((Load Hours) x (-1.42574 x 10-4)) + 37.54944 

The linear curve fit shows a trend of reduction in electrical efficiency with in-
creasing hours of operation. Table 12 lists the resulting efficiencies at 5,000 
load hour intervals. 
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Table 12.  Trend of electrical efficiency with fuel cell load hours. 

Load Hours 
Electrical Efficiency  

LHV (%) 

0 37.55 

5,000 36.84 

10,000 36.12 

15,000 35.41 

20,000 34.70 

25,000 33.99 

The data in Table 12 show that the fuel cell electrical efficiency decreased 1.42 
basis points for every 10,000 hours of operation. The regression shows that 
the average initial electrical efficiency of the fuel cell was approximately 37.55 
percent and it decreased at a rate of approximately 3.9 percent per 10,000 
hours of operation. For example, the average decrease between 10,000 hours 
(36.12 percent) and 20,000 hours (34.70 percent) is: 

3.9% = ((36.12% – 34.70%) / 36.12%) 

The R Square statistic for the above regression is 0.21. This means that 21 
percent of the variation seen in the trend of electrical efficiency can be attrib-
uted to load hours. Thus other factors in the system significantly affect the 
changes observed in electrical efficiency. The efficiency data shown in Figure 
10 indicate that there are sub-trends in electrical efficiency within the life of 
the fuel cell’s operation. Figure 19 shows the outages and identification of ma-
jor system changes. Each of the 36 outages is represented as a circle on the 40 
percent efficiency line. The figure identifies five major system changes that 
correspond to establishing a distinct electrical efficiency trend. The number 
identifier presented for the change corresponds to the outage number as 
listed in Table 9. The most significant changes were the installation of a new 
cell stack (#4), the installation of an external reverse osmosis (RO) water 
treatment system (#8), and the installation of a new fuel valve (#15). The six 
operational regions in Figure 11 were analyzed to determine the electrical effi-
ciency trend by major system change. The trend in efficiency for each region 
was determined by a linear regression and the slope is reported in terms of 
percent change per 10,000 hours of operation. Note that the unit of percent 
change per 10,000 is presented for consistency and none of the regions evalu-
ated consists of 10,000 hours of data. Table 13 lists the dates, fuel cell load 
hours, system changes and electric efficiency trends for each of the time 
frames. 
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Figure 19.  Electric efficiency trends with major system changes. 

Table 13.  Major system changes and electrical efficiency trends. 

Range  Date 
Fuel Cell Load hrs 
at End of Period 

Change to System  
at Start of Period 

Slope 
(% / 10000 hrs) 

A 6/20/95 – 4/17/96 4,174 Initial System No Trend 

B 4/17/96 – 8/9/96 5,350 Install new cell stack -1.8% 

C 8/9/96 – 11/6/96 7,420 Install RO water treatment 12.7% 

D 11/6/96 – 6/5/97 11,782 Repair coolant flow leak in TMS -23.4% 

E 6/5/97 – 12/15/98 16,262 Install new fuel valve No Trend 

F 12/15/98 – 5/20/00 22,033 Install new heat exchangers -4.6% 

Ranges A and E do not have a distinct electrical efficiency trend over the en-
tire region and no major system changes occurred within the time range. The 
system changes that occurred around 15,000 hours in region E were mostly 
electrical system replacements including the UPS, circuit breakers, and a mo-
torized circuit breaker. The average electrical efficiency in region B (37.4 per-
cent), after the installation of the new cell stack, is greater than the average 
electrical efficiency in range A (36.6 percent). The trend in electrical efficiency 
in region C is an increase in efficiency over the range indicating that the in-
stallation of the external RO water treatment system had a positive impact on 
fuel cell performance by reducing and avoiding scaling within the thermal 
management system. Range D shows a strong decreasing trend of electrical 
efficiency after the repair of a coolant flow leak. It is not anticipated that this 
would result in an accelerated decrease in efficiency. The malfunctioning fuel 
valve that was replaced at outage #15 could possibly explain the trend. The 
trend in region F shows an anticipated gradual decrease in efficiency as the 
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hours of operation are increasing. Overall, with the data available it is difficult 
to make a definitive conclusion with respect to the trend of electrical effi-
ciency with load hours. 

The trend of the fuel cell stack cell voltage was analyzed based on the hours of 
fuel cell operation. The data is based on the same readings acquired through 
the UTC Fuel Cells’ RADAR system as the electrical efficiency presented 
above. The individual data points are plotted with hours of operation in an X-
Y plot (Figure 20). The average cell voltage for the data is 0.633 volts. 
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Figure 20.  Fuel cell stack cell voltage degradation over time. 

A linear regression was conducted on the data to characterize average cell 
voltage trends for the fuel cell. The resulting equation is: 

Cell Volts = ((Load Hours) x (-2.1071 x 10-6)) + 0.656387 Eq. 1 

The regression shows a reduction in cell voltage with increased hours of op-
eration. Table 14 lists the resulting cell voltages at 5,000 load hour intervals. 
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Table 14.  Trend of cell voltage with fuel cell load hours. 

Load Hours Cell Voltage 

0 0.656 

5000 0.646 

10,000 0.653 

15,000 0.625 

20,000 0.614 

25,00 0.604 

The fuel cell’s cell voltage decreased at a rate of 0.021 volts per 10,000 hours 
of operation. The linear curve fit shows that the initial cell voltage was ap-
proximately 0.656 volts and that it decreased at an average rate of 3.3 percent 
per 10,000 hours of operation. For example, the average decrease between 
10,000 hours (0.635) and 20,000 hours (0.614) is: 

3.3% = ((0.635 – 0.614) / 0.635) 

The R Square statistic for the above regression is 0.27. This means that 27 
percent of the variation seen in the trend of cell voltage can be attributed to 
load hours. Thus, other factors in the system are significantly affecting the 
changes observed in cell voltage. The cell voltage data (Figure 20) show that 
there are sub-trends in cell voltage during the life of the fuel cell’s operation. 
Since the cell voltage is affected by the electrical output of the fuel cell, an ad-
ditional analysis was conducted. The data was sorted by the fuel cell electric 
output for the most frequent operating levels of 200 kW, 175 kW, 150 kW and 
125 kW. Then a linear regression was conducted for load hours greater than 
5,000 hours (i.e., for the fuel cell after the stack was replaced). The results of 
the analysis are listed in Table 15. 

Table 15.  Cell voltage analysis by electrical output. 

Fuel Cell Output 200 kW 175 kW 150 kW 125 kW 

Data points 1075 126 336 823 

R Square Statistic 0.80 0.53 0.45 0.88 

Slope (%/10,000 hrs) -13.9% -12.3% -5.2% -6.2% 

The analysis shows that the curve fit was very good for the 200 kW and 125 
kW regressions with R Squared values of 0.8 and 0.88 respectively. This indi-
cates that 80 to 88 percent of the decrease in cell voltage can be attributed to 
load hours for these data sets. The 175 kW and 150 kW regressions have R 
Squared values of approximately 0.50 indicating that approximately 50 per-
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cent of the decline in the cell voltage can be attributed to the load hours for 
this data set. This is still an improved model of predictor to the original re-
gression model. The slopes of the lines for the 200 kW and 175 kW power lev-
els are significantly higher than the 150 kW and 125 kW levels. The reason for 
the difference cannot be explained by the lower number of data points at the 
150 kW level since there are a significant number of data points at the 125 kW 
level. Figure 21 shows the regression lines of the analysis for each data set 
projected over the entire fuel cell operating range. 

Cell Voltage  Trends by Electric Output
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Figure 21.  Cell voltage trends by electric output. 

While the efficiency remains relatively constant along the various fuel cell 
power levels, power plant cell voltages tend to increase at lower electric out-
put levels. This is most evident for fuel cell operation greater then 11,000 load 
hours. There is no data to indicate why the slope of the data varies at the dif-
ferent power levels. 

4.4 Fuel Cell Maintenance Activities 

UTC Fuel Cells had overall responsibility for maintenance on the fuel cell dur-
ing the 5-year demonstration period. GBC Electrical Services, as the mainte-
nance contractor, performed most maintenance activities under the guidance 
of UTC Fuel Cells. 
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Invoices from GBC Electrical Services were obtained to assess maintenance 
activity levels. GBC Electrical Services is actually located in Twentynine Palms 
which meant that there was no extensive travel required for maintenance ac-
tivities. Table 16 lists the number of maintenance days at the site and total la-
bor hours by year. 

Table 16.  Maintenance days and labor hours by year. 

Year Days at Site Labor Hrs. 

1995 6 22.5 

1996 60 605.0 

1997 35 249.5 

1998 58 401.5 

1999 45 293.0 

2000 13 76.5 

Total 217 1,648 

Tables 17 through 22 list the date, labor hours and a brief description of the 
maintenance activities that were billed between the years 1995 and 2000. 

Table 17.  Maintenance activities in 1995. 

1995 Labor Hrs Description of Activity 

2-Nov 7.0 Started fuel cell using catalyst reduction procedure 

8-Nov 1.0 Performed water conductivity test at HV-453 and HV-431 

16-Nov 1.0 Performed water conductivity test at HV-453, HV-452 and HV-431 

11-Dec 10.0 Performed water conductivity test at HV-453, HV-452 and HV-431; recharged resin bottles 

13-Dec 2.5 Performed voltage test using sub stack voltage measurement box (150 kW & 200 kW) 

28-Dec 1.0 Performed water conductivity test at HV-453 and HV-431 

Table 18.  Maintenance activities in 1996. 

1996 Labor Hrs Description of Activity 

13-Jan 2.0 Checked fuses and replaced one blown fuse; checked amps on each phase 

14-Jan 2.0 Problem with stack voltage; power level reduced to 100 kW and then shut down fuel cell 

26-Jan 5.0 Preparation for steam cleaner 

29-Jan 8.5 Preparation for steam cleaner 

30-Jan 10.0 Preparation for steam cleaner 

31-Jan 10.5 Preparation for steam cleaner 

2-Feb 11.0 Preparation for removal of fuel cell stack 

3-Feb 10.0 Continued with cell stack wet-up procedures in preparation for removal 

5-Feb 9.0 Continued with cell stack wet-up procedures in preparation for removal 

6-Feb 18.0 Continued with cell stack wet-up procedures in preparation for removal 

8-Feb 26.0 Fuel cell stack removed and secured in shipping crate 

21-Mar 8.0 Preparation for Water Treatment System (WTS) cleaning 
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1996 Labor Hrs Description of Activity 

22-Mar 10.0 Flush fuel cell Water Treatment System 

23-Mar 10.0 Continue with Water Treatment System cleaning 

25-Mar 10.0 Continue with Water Treatment System cleaning 

26-Mar 89.0 Continue with Water Treatment System cleaning 

27-Mar 9.0 Continue with Water Treatment System cleaning; prepare for arrival of new fuel cell stack 

28-Mar 23.0 Receive and install new fuel cell stack 

29-Mar 8.0 Continue with Water Treatment System cleaning 

1-Apr 9.0 Continue with Water Treatment System cleaning 

2-Apr 17.0 Continue with Water Treatment System cleaning 

3-Apr 14.0 Complete flushing of Water Treatment System 

9-Apr 9.5 Install retrofits with UTC Fuel Cells 

10-Apr 10.0 Install retrofits with UTC Fuel Cells 

11-Apr 14.0 Install retrofits with UTC Fuel Cells 

12-Apr 10.0 Install retrofits with UTC Fuel Cells 

15-Apr 7.5 Start-up fuel cell 

16-Apr 6.0 Repair heater 400 

17-Apr 10.0 Start fuel cell with reduction process 

18-Apr 12.0 Finish details and adjust new valve 400 

19-Apr 12.5 Final setting on valve 400 

20-Apr 3.0 Testing of grid-independent capability during site outages; ramp up fuel cell to 200 kW 

27-Apr 6.5 Attempted to restart fuel cell several times and conducted water sampling; reformer burner (BE030) 
malfunctioning 

3-May 8.5 Repair process steam control valve (CV500) and start fuel cell 

4-May 3.5 Attempted to restart fuel cell 

13-May 4.0 Worked on electrical systems 

12-Jun 4.5 Prepared to install reverse osmosis unit 

13-Jun 6.0 Modifications made to Water Treatment System 

14-Jun 8.5 Start-up fuel cell 

17-Jun 6.5 Replace circuit breaker and relay 

18-Jun 5.0 Start fuel cell 

19-Jun 6.5 Conduct water testing 

8-Jul 9.0 Water recovery testing 

9-Jul 9.0 Water recovery testing 

10-Jul 9.0 Water recovery testing 

11-Jul 8.0 Install reverse osmosis unit 

12-Jul 7.0 Install reverse osmosis unit 

16-Jul 7.5 Install reverse osmosis unit 

17-Jul 9.0 Install reverse osmosis unit electrical 

18-Jul 14.0 Install reverse osmosis unit enclosure 

19-Jul 7.0 Install reverse osmosis unit and initiate operation 

9-Aug 9.5 Start fuel cell 

22-Aug 6.0 Increase power level to 200 kW and perform water testing 
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1996 Labor Hrs Description of Activity 

4-Nov 4.0 Troubleshooting 

6-Nov 8.0 Replace module and start 

7-Nov 2.0 Increase power level and conduct water testing 

12-Nov 8.0 Change out resin and charcoal 

13-Nov 1.0 Conduct water testing 

3-Dec 6.0 Restart power plant 

7-Dec 8.0 Restart power plant 

Table 19.  Maintenance activities in 1997. 

1997 Labor Hrs Description of Activity 

17-Jan 9.0 Troubleshot circuit breaker K002 

18-Jan 7.0 Changed relay K2, cleaned fire eye and attempted to start fuel cell 

21-Jan 11.5 Attempted to start fuel cell 

22-Jan 12.0 Attempted to start fuel cell 

23-Jan 8.0 Trouble shooting system 

24-Jan 6.0 Trouble shooting system and replace fire eye 

27-Jan 1.0 Change out Water Treatment System bottles 

28-Jan 10.0 Changed pump 451 and started fuel cell 

8-Feb 7.5 Restart fuel cell 

11-Mar 9.0 Quarterly maintenance and change our resin 

12-Mar 7.0 Restart fuel cell 

3-Apr 10.0 Worked on leaks and restarted fuel cell 

1-May 3.5 Attempted to fix leak on discharge side of pump 451 

29-May 2.0 Trouble shot flow control valve (FCV012) 

5-Jun 36.0 Perform annual maintenance and install new fuel valve 

7-Jul 5.0 Changed out pump 451 and checked valve 541 

8-Jul 5.0 Attempted to start fuel cell (FCV140 stuck) 

9-Jul 7.0 Replace FCV140 and attempted to start fuel cell unsuccessfully 

10-Jul 2.0 Tested FT140 and identified that part failed 

11-Jul 5.0 Replaced FT140 and attempted to start fuel cell unsuccessfully 

12-Jul 7.0 Cleaned fire eye and restarted power plant 

24-Jul 4.0 Worked with UTC Fuel Cells personnel at site 

4-Aug 4.0 Worked with UTC Fuel Cells personnel at site 

5-Aug 8.0 Worked with UTC Fuel Cells personnel at site 

6-Aug 6.0 Changed union FO420 

12-Aug 5.0 Worked with UTC Fuel Cells personnel at site 

13-Aug 8.0 Worked with UTC Fuel Cells personnel at site 

15-Aug 4.5 Worked with UTC Fuel Cells personnel at site 

2-Sep 1.0 Put power plant back in water conditioning mode 

16-Sep 7.5 Removed old batteries from UPS and found that the replacements were wrong 

18-Sep 7.5 Changed batteries in UPS and changed nitrogen bottles 
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1997 Labor Hrs Description of Activity 

23-Sep 8.0 Drained water from fuel cell; removed and reinstalled pump 451 and put power plant in water condition-
ing 

24-Sep 7.5 Attempted to start fuel cell unsuccessfully and troubleshot failure 

30-Sep 4.0 Cleaned fire eye and restarted power plant 

26-Dec 4.0 Attempted to start the fuel cell 

Table 20.  Maintenance activities in 1998. 

1998 Labor Hrs Description of Activity 

5-Jan 3.0 Troubleshot circuit breaker CB002 

20-Jan 17.0 Remove and replace pump 820 

22-Jan 7.0 Installed motor controller and started power plant 

23-Jan 11.0 Troubleshot shutdown, replaced FCV012 and started power plant 

27-Feb 8.0 Changed resin and charcoal bottles 

16-Mar 6.0 Drained the system; put new O-rings in FCU400 and refilled the system 

17-Mar 8.5 Started fuel cell 

18-Mar 1.0 Attempted to restart power plant 

24-Mar 6.0 Replaced circuit breaker mechanisms and restarted power plant 

26-Mar 13.0 Checked wiring in CB K001, K002 & K003 and replaced I/O modules and relays 

6-Apr 2.0 Troubleshot UPS problem 

9-Apr 16.0 Removed and replaced UPS and started power plant 

14-Apr 3.0 Removed and replaced panels from fuel cell 

16-Apr 5.5 Installed PC7 ribbon cable; started power plant; changed out nitrogen bottles 

20-Apr 3.0 Worked with UTC Fuel Cells on phone as they could not communicate directly with fuel cell 

8-May 4.0 Troubleshot communications problem 

11-May 12.0 Changed out MCB003; started power plant; conducted cell stack tests at idle, 100 kW and 150 kW 

12-May 4.0 Worked with UTC Fuel Cells on phone; took cell stack readings 

18-May 10.0 Took out J pipes and put in bypass pipes; took out BP440 and put in bypass 

19-May 16.0 Started steam cleaning and conducted water testing 

20-May 19.0 Steam cleaning and water testing 

21-May 2.0 Steam cleaning and water testing 

22-May 10.0 Steam cleaning and water testing 

26-May 6.0 Cleaned cell stack assembly (CSA) 

27-May 12.0 Cleaned cell stack assembly (CSA) 

28-May 9.0 Cleaned cell stack assembly (CSA) 

29-May 10.0 Cleaned cell stack assembly (CSA) 

2-Jun 6.0 Cleaned and greased fittings 

3-Jun 8.0 Changed SAC metals 

4-Jun 12.0 Cleaned wire box, etc. 

5-Jun 7.0 Put fuel cell back together 

8-Jun 8.0 Worked with UTC Fuel Cells personnel at site 

9-Jun 13.0 Worked with UTC Fuel Cells personnel at site 

10-Jun 7.0 Worked with UTC Fuel Cells personnel at site 
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1998 Labor Hrs Description of Activity 

11-Jun 8.5 Worked with UTC Fuel Cells personnel at site 

12-Jun 4.0 Worked with UTC Fuel Cells personnel at site 

16-Jun 8.0 Worked with UTC Fuel Cells personnel at site 

17-Jun 5.0 Worked with UTC Fuel Cells personnel at site 

18-Jun 2.0 Worked with UTC Fuel Cells personnel at site 

19-Jun 4.0 Worked with UTC Fuel Cells personnel at site 

23-Jun 12.0 Ran chemicals through reverse osmosis unit to clean in place; replaced final pressure gauge 

24-Jun 5.5 Started reverse osmosis unit and replaced filter 

2-Jul 2.0 Conducted grid connect/grid-independent test 

31-Jul 2.0 Conducted grid connect/grid-independent test 

28-Aug 2.0 Conducted grid connect/grid-independent test 

15-Sep 1.0 Checked to make sure cooling fans were on and working 

16-Sep 2.0 Reset logic so cooling fans would cool stack; flushed reverse osmosis unit for 15 minutes 

28-Sep 2.0 Put fuel cell back into water conditioning; flushed reverse osmosis system 

30-Sep 4.5 Worked with UTC Fuel Cells personnel at site 

1-Oct 9.5 Worked with UTC Fuel Cells personnel at site; install two heat exchangers 

2-Oct 9.0 Worked with UTC Fuel Cells personnel at site; install two heat exchangers 

3-Oct 4.5 Worked with UTC Fuel Cells personnel at site 

23-Oct 2.0 Conducted grid connect/grid-independent test 

5-Nov 2.0 Install modem cable 

6-Nov 2.0 Troubleshot lockout relay 

14-Dec 4.5 Changed flow meter and attempted to start power plant 

15-Dec 10.5 Turned gas on and cleaned fire eye; started power plant and did two shift reducing tests 

16-Dec 8.0 Tuned power plant; restarted power plant after gas outage 

Table 21.  Maintenance activities in 1999. 

1999 Labor Hrs Description of Activity 

22-Feb 4.0 Checked bottom of cell stack looking for acid residue 

23-Feb 6.0 Checked bottom of cell stack looking for acid residue 

25-Feb 17.0 Prepared fuel cell for megohmmeter test; repaired water leak at reverse osmosis unit 

26-Feb 7.0 Isolated cell stack and tested with megohmmeter 

9-Mar 10.0 Troubleshot short in cell stack assembly 

10-Mar 9.0 Continued looking for leak in CSA manifold and cleaned area 

11-Mar 4.0 Retested CSA for short 

12-Mar 2.0 Retested CSA for short; placed a space heater in CSA area to dry water from cleaning 

16-Mar 11.0 Had CSA patch modified to fit; installed patch and retested CSA 

5-Apr 4.0 Worked on CSA base insulators 

6-Apr 18.0 Installed base insulators; reassembled CSA and cabinet; started power plant 

19-May 1.0 Troubleshot hot shut down; put power plant in cool down 

20-May 12.0 Troubleshot FT140 shutdown; repaired leaks in water treatment system; started power plant 

21-May 3.5 Changed water treatment system bottles 
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4-Jun 7.0 Troubleshot FT140 and attempted to fix leak on FO420 union; left power plant in P15 

8-Jun 2.0 Replaced FT140 and took apart FO420 

9-Jun 3.0 Worked with welder 

10-Jun 6.0 Attempted to start power plant 

11-Jun 8.0 Attempted to start power plant 

14-Jun 9.0 Attempted to start power plant 

15-Jun 6.5 Troubleshot TCV400 

16-Jun 7.5 Rebuilt TCV400 

18-Jun 13.0 Attempted to start power plant; replaced TCV400. 

17-Jul 1.0 Put power plant back in water conditioning 

21-Jul 2.0 Replaced PC19 card; put power plant back in water conditioning 

10-Aug 8.0 Troubleshot FT140 

11-Aug 12.0 Attempted to start power plant 

12-Aug 9.0 Cleaned fire eye and attempted to start power plant 

13-Aug 5.5 Attempted to start power plant 

20-Aug 8.0 Attempted to start power plant; worked with UTC Fuel Cells on phone 

24-Aug 7.0 Attempted to start power plant; worked with UTC Fuel Cells on phone 

25-Aug 8.0 Attempted to start power plant; worked with UTC Fuel Cells on phone 

26-Aug 10.0 Attempted to start power plant; worked with UTC Fuel Cells on phone 

27-Aug 5.0 Attempted to start power plant; found bad valve FCV140 

31-Aug 13.0 Attempted to start power plant; changed brakes on FCV110; worked with UTC Fuel Cells on phone 

1-Sep 4.0 Attempted to start power plant 

2-Sep 8.0 Changed Filter 100; started power plant and left at 125 kW 

9-Sep 3.0 Changed out water treatment system bottles 

14-Oct 2.0 Analyzed the modem and made sure it was operating properly 

15-Oct 2.0 Worked with UTC Fuel Cells on phone 

17-Oct 1.0 Put power plant back in water conditioning 

18-Oct 2.0 Attempted to start power plant; leak detected and shut down power plant 

1-Nov 9.0 Repaired pump 450 water leak; started power plant 

3-Dec 2.0 Rerouted conductivity sensor for DMN450 bottles 

12-Dec 1.0 Troubleshot pump 400 

Table 22.  Maintenance activities in 2000. 

2000 Labor Hrs Description of Activity 

6-Jan 1.0 Removed old 50 amp breaker 

18-Jan 1.0 Installed 50 amp breaker for heater 400 

19-Jan 6.0 Changed heater 400 

20-Jan 8.5 Flushed system 

21-Jan 8.0 Attempted to start power plant; troubleshot failed start 

24-Jan 9.5 Troubleshot FO400 and attempted to start power plant 

27-Jan 8.0 Rebuilt CV500 and attempted to start power plant 
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2000 Labor Hrs Description of Activity 

28-Jan 5.0 Worked with UTC Fuel Cells on phone; checked FO420, flow orifices and leak down on water tank 

10-Feb 7.0 Changed out FS400 and FO420/440 

11-Feb 6.0 Started power plant and power plant shutdown 

15-Feb 5.0 Troubleshot FS400 problem 

31-Mar 3.0 Changed out FS400 

3-Apr 8.5 Started power plant 

4.5 Fuel Cell Retrofits 

As part of the fuel cell demonstration and overall fuel cell development, UTC 
Fuel Cells refined the fuel cell design based on operational experience gained 
through the operation of the fleet of fuel cells. These improvements and modi-
fications were classified as retrofits. Once a retrofit was developed, it would be 
incorporated into the production of new fuel cells or retrofit in the field for 
installed fuel cells. The details of the retrofits are considered proprietary in-
formation by UTC Fuel Cells and are not available for this report. The data in 
Tables 17 through 22 show that the only retrofit that was added to the fuel cell 
in the field was during 9 –12 April 1996. At this time there was a modification 
to the Thermal Management System to modify piping and a flow control 
valve. The objective of the retrofit was to increase the rate of heat transfer off 
the stack so the appropriate stack temperature could be maintained when the 
level of heat generated by the stack increases toward the end of the stack life. 

4.6 Fuel Cell Operation and Outage Summary 

Appendix E shows the operational and outage periods for each hour within 
the 60 months that the fuel cell was active (June 1995 to May 2000). The out-
age times are highlighted in gray along with a listing of the outage number, 
duration in hours and minutes, and a brief description of the shutdown. Days 
where on-site maintenance was performed is shown graphically by an 8-hour 
box. GBC Electrical Services, the maintenance contractor, provided mainte-
nance activity records. 
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5 Fuel Cell Economics 

5.1 Hospital Energy Costs 

The Naval Hospital, as a tenant at MCAGCC Twentynine Palms, pays the Base 
for its electricity usage. The Base purchases electricity from Southern Califor-
nia Edison (SCE) under a time of use rate schedule, TOU-8. This rate has a 
summer and winter season consisting of on-peak, mid-peak and off-peak time 
periods. Table 23 lists the structure of the TOU-8 tariff. The difference be-
tween the facility-related demand charge and the time-related demand 
charges are the method of calculation. The facility-related demand charge is 
the highest demand over any 15-minute period during the billing period. The 
time-related demand charge is determined as the highest demand over any 
15-minute period for the time periods defined (on-peak, mid-peak and off-
peak). Typically, the on-peak demand charge is the highest cost of all the de-
mand charges and the off-peak demand charge is zero. 

Table 23.  SCE TOU-8 rate structure. 

 Summer Winter 

Months June – September October – May 

On Peak Period Noon – 6:00 pm None 

Mid-Peak Period 8:00 am – Noon 
6:00 pm – 11:00 pm 

8:00 am – 9:00 pm 

Off-Peak Period All other hours and holidays All other hours and holidays 

Charges Facility Charge ($/meter) 
Energy Charge ($/kWh) 
Facility-Related Demand Charge ($/kW) 
Time-Related Demand Charge ($/kW) 
Excess Transformer Capacity ($/kVA) 
Power Factor Adjustment ($/kVA) 

Facility Charge ($/meter) 
Energy Charge ($/kWh) 
Demand Charge ($/kW) 
Excess Transformer Capacity ($/kVA) 
Power Factor Adjustment ($/kVA) 

The Base purchases natural gas from two sources, a contracted commodity 
purchase through a gas provider for the central plant and Southern California 
Gas Company (SoCalGas). The costs that are passed on to the Hospital are the 
SoCalGas  costs, which are billed under tariff GN-20. 

Records of the Hospital electric and natural gas consumption were collected 
from the Base for the period of October 1997 through 2001. Data for the pe-
riod of June 1995 through September 1997 were not available. Tables 24 
through 27 list the data for the periods of FY 98 through FY01 respectively. 
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Table 24.  Hospital energy bills for FY98. 
 
Month Consumption Costs Average Cost Consumption Costs Average Cost

kWh $ $/kWh Therms $ $/Therm
October 1997 299,240.00 $31,120.96 $0.1040 16,426.00 $9,527.08 $0.5800
November 1997 226,400.00 $23,545.60 $0.1040 17,097.00 $9,916.26 $0.5800
December 1997 223,749.00 $23,269.90 $0.1040 15,964.00 $9,259.12 $0.5800
January 1998 230,189.00 $23,939.66 $0.1040 4,964.00 $2,879.12 $0.5800
February 1998 215,949.00 $22,458.70 $0.1040 19,574.00 $11,352.92 $0.5800
March 1998 496,120.00 $50,455.40 $0.1017 8,936.00 $3,642.49 $0.4076
April 1998 576,360.00 $58,615.81 $0.1017 12,754.00 $5,198.79 $0.4076
May 1998 531,384.00 $54,041.75 $0.1017 11,891.00 $4,847.01 $0.4076
June 1998 534,800.00 $54,389.16 $0.1017 4,884.00 $1,990.82 $0.4076
July 1998 729,840.00 $74,224.73 $0.1017 3,789.00 $1,544.47 $0.4076
August 1998 602,368.00 $61,260.83 $0.1017 3,392.00 $1,382.65 $0.4076
September 1998 738,360.00 $75,091.21 $0.1017 3,506.00 $1,429.12 $0.4076
Total 5,404,759.00 $552,413.71 $0.1022 123,177.00 $62,969.85 $0.5112

ELECTRICITY NATURAL GAS

 
Table 25.  Hospital energy bills for FY99. 

 
Month Consumption Costs Average Cost Consumption Costs Average Cost

kWh $ $/kWh Therms $ $/Therm
October 1998 738,360.00 $75,091.21 $0.1017 3,506.00 $1,429.12 $0.4076
November 1998 390,320.00 $39,695.54 $0.1017 6,489.00 $2,645.05 $0.4076
December 1998 403,040.00 $40,989.17 $0.1017 11,868.00 $4,837.63 $0.4076
January 1999 440,384.00 $44,787.05 $0.1017 12,710.00 $5,180.85 $0.4076
February 1999 601,480.00 $61,170.52 $0.1017 10,960.00 $4,467.52 $0.4076
March 1999 474,056.00 $48,211.50 $0.1017 6,784.00 $2,765.29 $0.4076
April 1999 401,744.00 $40,857.36 $0.1017 8,963.00 $3,653.50 $0.4076
May 1999 731,272.00 $74,370.36 $0.1017 10,906.00 $4,445.50 $0.4076
June 1999 268,488.00 $27,305.23 $0.1017 2,321.00 $946.09 $0.4076
July 1999 739,904.00 $75,248.24 $0.1017 5,399.00 $2,200.74 $0.4076
August 1999 765,336.00 $77,834.67 $0.1017 1,361.00 $554.77 $0.4076
September 1999 626,250.00 $63,689.63 $0.1017 4,997.00 $2,036.88 $0.4076
Total 6,580,634.00 $669,250.48 $0.1017 86,264.00 $35,162.94 $0.4076

ELECTRICITY NATURAL GAS

 
Table 26.  Hospital energy bills for FY00. 

 
Month Consumption Costs Average Cost Consumption Costs Average Cost

kWh $ $/kWh Therms $ $/Therm
October 1999 635,480.00 $64,628.32 $0.1017 10,005.00 $4,078.24 $0.4076
November 1999 528,448.00 $53,743.16 $0.1017 9,963.00 $4,061.12 $0.4076
December 1999 628,096.00 $63,877.36 $0.1017 10,983.00 $4,476.89 $0.4076
January 2000 531,176.00 $54,020.60 $0.1017 10,080.00 $4,108.81 $0.4076
February 2000 569,184.00 $57,886.01 $0.1017 11,500.00 $4,687.63 $0.4076
March 2000 503,752.00 $51,231.58 $0.1017 7,500.00 $3,057.15 $0.4076
April 2000 455,672.00 $46,341.84 $0.1017 7,000.00 $2,853.34 $0.4076
May 2000 648,536.00 $65,956.11 $0.1017 6,500.00 $2,649.53 $0.4076
June 2000 666,224.00 $67,754.98 $0.1017 3,000.00 $1,222.86 $0.4076
July 2000 574,560.00 $58,432.75 $0.1017 3,000.00 $1,222.86 $0.4076
August 2000 622,968.00 $63,355.85 $0.1017 4,500.00 $1,834.29 $0.4076
September 2000 682,305.00 $69,390.42 $0.1017 4,252.00 $1,733.20 $0.4076
Total 7,046,401.00 $716,618.98 $0.1017 88,283.00 $35,985.92 $0.4076

ELECTRICITY NATURAL GAS
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Table 27.  Hospital energy bills for FY01. 
 
Month Consumption Costs Average Cost Consumption Costs Average Cost

kWh $ $/kWh Therms $ $/Therm
October 2000 620,440.00 $63,098.75 $0.1017 6,931.00 $4,851.70 $0.7000
November 2000 509,856.00 $51,852.36 $0.1017 3,573.00 $2,501.10 $0.7000
December 2000 622,712.00 $63,329.81 $0.1017 10,550.00 $7,385.00 $0.7000
January 2001 538,968.00 $54,813.05 $0.1017 5,256.00 $3,679.20 $0.7000
February 2001 480,480.00 $48,864.82 $0.1017 11,500.00 $8,050.00 $0.7000
March 2001 515,000.00 $52,375.50 $0.1017 11,500.00 $8,050.00 $0.7000
April 2001 524,000.00 $78,600.00 $0.1500 8,000.00 $7,600.00 $0.9500
May 2001 581,936.00 $87,290.40 $0.1500 8,000.00 $7,600.00 $0.9500
June 2001 581,672.00 $87,250.80 $0.1500 8,000.00 $7,600.00 $0.9500
July 2001 620,984.00 $93,147.60 $0.1500 8,000.00 $7,600.00 $0.9500
August 2001 489,488.00 $73,423.20 $0.1500 8,000.00 $7,600.00 $0.9500
September 2001 553,231.00  $82,984.65 $0.1500 8,000.00 $7,600.00 $0.9500
Total 6,638,767.00 $837,030.94 $0.1261 97,310.00 $80,117.00 $0.8233

ELECTRICITY NATURAL GAS

 

Figure 14 shows the annual trend in Hospital electric consumption and Figure 
15 shows the annual trend in Hospital natural gas consumption. 
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Figure 22.  Annual hospital electric consumption. 
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Figure 23.  Annual hospital natural gas consumption. 

5.2 Fuel Cell Maintenance Costs 

Table 28 lists the maintenance costs for services provided by GBC Electrical 
Services between 1995 through the end of the demonstration project. Labor 
was the highest cost category at $76,969. Labor hours averaged 330 work-
hours per 12 months. The highest number of work-hours in a calendar year 
was 605 in 1996. Nitrogen costs totaled  $21,472. Spread across the 36 out-
ages that occurred, this averages $596 per outage. While charcoal used in the 
water treatment system was a relatively minor cost (~$500/year), resin was a 
significant program cost totaling nearly $25,000. A bed of ion-exchange resin 
is used to soften the water in the water treatment system. The softening proc-
ess exchanges calcium and magnesium ions in the water for sodium ions in 
the resin. Resin costs work out to approximately $1,120 per one thousand op-
erating hours. Appendix F presents maintenance costs by Invoice date. 
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Table 28.  Summary of fuel cell maintenance costs. 
CATEGORY 1995 1996 1997 1998 1999 2000 TOTALS
Labor Hours 22.5 605 249.5 401.5 293 76.5 1,648              
Labor Costs $968 $24,598 $12,475 $18,925 $15,772 $4,233 $76,969

Nitrogen Costs $1,188 $6,459 $6,422 $3,100 $3,285 $1,018 $21,472

Charcoal (cu. ft.) 0 4 4 4 4 0 16
Charcoal Costs $0 $372 $372 $372 $392 $0 $1,508

Resin (cu. ft.) 0 41 27 18 16 0 102
Resin Costs $0 $10,395 $6,102 $4,068 $4,240 $0 $24,805

Other Costs $32 $11,877 $1,485 $1,716 $2,627 $1,746 $19,484

Travel Costs $0 $0 $0 $0 $154 $33 $187

Shipping Costs $34 $122 $572 $304 $0 $0 $1,031

TOTALS $2,222 $53,823 $27,428 $28,485 $26,470 $7,029 $145,457  

The cost of maintenance over the entire operating period as shown above was 
$145,457. This corresponds to an average maintenance cost of approximately 
4.12 cents/kWh ($145,457/ 3,533,735 kWh) for all the electricity supplied to 
the Naval Hospital. This represents $29,091/year over the 5-year demonstra-
tion period. Note that the maintenance costs presented do not in-
clude the cost of any parts or equipment provided by UTC Fuel 
Cells to repair or modify the fuel cell. 

Figure 24 shows the trend in annual maintenance costs for the fuel cell. Note 
that the costs presented for 1995 and 2000 are for approximately 6 months 
each as the fuel cell started operation on 20 June 1995 and concluded opera-
tion on 26 May 2000. The high costs on 1996 are attributed to the hard water 
problems and the resulting water treatment system installation. 
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Figure 24.  Annual trend in fuel cell maintenance costs. 
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Fuel cell maintenance costs for the 5-year demonstration period were in-
cluded in the original purchase contract with the fuel cell manufacturer. First 
year maintenance costs were included in the original fuel cell purchase price. 
For the final 4 years of contract maintenance, UTC Fuel Cells was paid 
$137,200 ($34,300 per year). 

5.3 Fuel Cell Energy Savings 

Energy savings from the fuel cell were calculated based the Naval Hospital’s 
monthly electric and natural gas energy bills. Average monthly rates were ap-
plied to monthly fuel cell electrical and thermal output as well as the input 
fuel. For periods where electricity and natural gas bills were not available, 
costs were interpolated. Table 29 lists the annual energy savings delivered by 
the fuel cell. Net energy savings for this site over the entire program were 
$131,761. 

Table 29.  Annual energy savings at naval hospital. 

 1995 1996 1997 1998 1999 2000 Total 

Electric Savings $44,369 $67,106 $96,435 $32,278 $53,055 $14,318 $307,560 

Thermal Savings $1,341 $1,949 $2,032 $142 $93 $50 $5,557 

Total Savings $45,710 $69,054 $98,467 $32,420 $53,148 $14,318 $313,118 

Natural Gas Costs $33,418 $42,947 $57,134 $18,003 $23,415 $6,357 $181,273 

Net Savings $12,292 $26,107 $41,333 $14,417 $29,733 $7,961 $131,844 

Overall electric savings were $307,560 with a maximum annual savings of 
$96,435 occurring in 1997. The modest level of thermal heat recovery from 
the fuel cell and used by the Hospital resulted in a total natural gas savings of 
$5,557. The value of the recovered heat was greatest in 1997 with savings of 
$2,032. The cost of natural gas to operate the fuel cell totaled $181,273 over 
the course of the demonstration. This amount corresponds to a fuel cost for 
electric generation of $0.0515/kWh ($181,273/3,522,400 kWh). Figure 25 
shows the trend in annual energy savings. 

5.4 Fuel Cell Lifecycle Costs 

The fuel cell lifecycle cost analysis is presented for the operational life of the 
fuel cell at MCAGCC Twentynine Palms. At the end of the demonstration, the 
fuel cell was removed. Therefore, the costs and operation in this report cover 
the entire life of the fuel cell (20 June 1995 — 20 May 2000). Note that the 
cost of fuel cell removal is not included in the analysis. 
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Twentynine Palms Fuel Cell Energy Savings
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Figure 25.  Annual fuel cell energy savings. 

The installed cost of the fuel cell was $1,200,000. The lifecycle cost analysis 
uses the utility rates presented in section 5.1, the maintenance costs presented 
in section 5.2 and the savings presented in section 5.3. Note that the analysis 
is based on the average cost of electricity that the Hospital is charged. That is 
to say that demand savings are not calculated separately in the analysis. A re-
view of the data shows that demand savings would have been realized in only 
ten of the 59 full months of operation and that the average demand reduction 
for the 10 months would have been 170.1 kW. The criterion for determining 
demand savings is that the fuel cell was operational during all hours of the 
peak period hours for the calendar month. In two cases the fuel cell was down 
during the month, but the entire outage occurred during non-peak time peri-
ods. Table 30 lists the months in which the facility demand savings could have 
been attributed to the fuel cell and the average output of the fuel cell during 
the month. Note that for the SCE TOU-8 tariff that the peak demand is appli-
cable during the months of June through September. The data in Table 30 
show that the peak demand savings would have occurred on only three of the 
months, July 1995, August 1995, and September 1996. 
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Table 30.  Fuel cell demand savings. 

Month of Demand Savings 
Fuel Cell  

Demand Savings 

July 1995 200 

August 1995 143 

December 1995 158 

September 1996 200 

October 1996 200 

February 1997 200 

October 1997 150 

November 1997 150 

February 1998 175 

January 1999 125 

Number of Months 10 

Average Demand 170 

Data in Table 31 represent the lifecycle cost analysis. The analysis allocates 
the capital cost of the fuel cell in the 1995 calendar year. In addition, values 
are actual costs and are not adjusted to a base year. The analysis shows that 
the operational costs exceeded the savings in 1996 and 1998 and that the cu-
mulative operational savings were negative at the end of the period of analy-
sis. 
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Table 31.  Lifecycle cost analysis. 
Year 1995 1996 1997 1998 1999 2000

Hours of Operation
Operation Hours/Yr. 3,705 4,836 5,970 1,989 4,253 1,136
Total Operation Hours 3,705 8,542 14,512 16,501 20,755 21,890
Hours Since Overhaul 3,705 8,542 14,512 16,501 20,755 21,890

Operation Values
Electrical Eff (%) 32.4% 33.3% 32.0% 30.6% 31.0% 30.8%
Thermal Eff (%) 3.2% 3.6% 2.9% 0.6% 0.3% 0.0%
Demand Disp. (kW) 501                400              500               175              125              -               
Electric Output (MWh) 633.8 838.8 1071.5 315.8 521.7 140.8
Thermal Displ. (MMBTU) 268.25 389.75 406.38 27.88 22.75 0.00
Fuel Input (MMBTU) 6683.6 8589.4 11426.7 3521.7 5744.5 1559.6

Average Energy Rates
Demand Rate ($/kW): -                 -               -                -               -               -               
Electric Rate ($/kWh): 0.0700           0.0800         0.0900          0.1022         0.1017         0.1017         
Facility Gas Rate ($/MMBTU): 5.00               5.00             5.00              5.11             4.08             4.08             
Generator Gas Rate ($/MMBTU): 5.00               5.00             5.00              5.11             4.08             4.08             

GENERATOR SAVINGS 
Energy Savings ($):
Demand: -                 -               -                -               -               -               
Energy: $44,366 $67,104 $96,435 $32,275 $53,057 $14,319
Displaced Fuel: $1,341 $1,949 $2,032 $142 $93 $0
   Subtotal ($): $45,707 $69,053 $98,467 $32,417 $53,150 $14,319

Costs ($):
Fuel Cost: $33,418 $42,947 $57,134 $18,003 $23,415 $6,357
Maintenance: $2,222 $53,823 $27,428 $28,485 $26,470 $7,029
Generator Overhaul: $0 $0 $0 $0 $0 $0
   Subtotal ($): $35,640 $96,770 $84,562 $46,488 $49,885 $13,386

Annual Savings: $10,067 ($27,717) $13,905 ($14,071) $3,265 $933
Cumulative Savings: $10,067 ($17,650) ($3,745) ($17,815) ($14,550) ($13,617)

Installed Cost $1,200,000

Net Cash Flow ($1,189,933) ($27,717) $13,905 ($14,071) $3,265 $933
Cumulative Cash Flow ($1,189,933) ($1,217,650) ($1,203,745) ($1,217,815) ($1,214,550) ($1,213,617)  
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6 Summary, Conclusions, and 
Recommendations 

6.1 Review of Fuel Cell Demonstration at MCAGCC Twentynine Palms 

The 200 kW phosphoric acid fuel cell operated for 21,890 hours which corre-
sponds to an availability of 50.8 percent. The fuel cell generated approxi-
mately 3,522 MWh of electricity at an average rate of 160.9 kW. The fuel cell 
electrical efficiency averaged 32.0 percent (HHV) over the course of the dem-
onstration. The thermal utilization of 40,600 BTU/hr was only 6 percent of 
the fuel cell’s capability of 700,000 BTU/hr. Data in Table 32 summarize the 
performance of the fuel cell operation. 

Table 32.  Summary of fuel cell performance. 
1995 1996 1997 1998 1999 2000 Totals

Fuel Cell Operation
Hours in the Period 4,664.2 8,784.0 8,760.0 8,760.0 8,760.0 3,366.0 43,094.2
Fuel Cell Operation Hours 3,705.3 4,836.4 5,970.3 1,989.3 4,253.3 1,135.8 21,890.5
Fuel Cell Outage Hours 958.9 3,947.6 2,789.7 6,770.7 4,506.7 2,230.2 21,203.7
Availability 79.4% 55.1% 68.2% 22.7% 48.6% 33.7% 50.8%

Electric Generation
Total Generation (MWh) 633.8 838.8 1,071.5 315.8 521.7 140.8 3,522.5
Average Rate of Generation (kW) 171.1 173.4 179.5 158.8 122.7 124.0 160.9

Natural Gas Consumption
Total Consumption (Ft3) 6,488,973.3 8,339,251.1 11,093,926.4 3,419,098.2 5,577,173.3 1,514,140.0 36,432,562.3
Average Rate of Consumption Ft3/hr) 1,751.3 1,724.3 1,858.2 1,718.7 1,311.3 1,333.1 1,664.3

Heat Recovery
Total Heat Recovered (MMBTU) 214.64 311.81 325.11 22.26 18.21 0.00 892.0
Average Rate of Recovery (kBTU/Hr) 57.93 64.47 54.45 11.19 4.28 0.00 40.75

Efficiencies
Electrical (%) 32.4% 33.3% 32.0% 30.6% 31.0% 30.8% 32.0%
PURPA (%) 34.0% 35.1% 33.4% 30.9% 31.2% 30.8% 33.2%  

The longest continuous period of operation was just under 2,100 hours, or 
about 3 months and the longest forced outage was 2,260 hours, or about 3 
months. The fuel cell stack had to be replaced once during the demonstration 
period and an external water treatment system had to be retrofit to the fuel 
cell due to high conductivity of the water. A total of 36 outages were recorded 
with 33 outages classified as a forced outage. 

At the completion of the demonstration, the fuel cell was not functional and 
the Base opted not to invest its own money in repairing, operating and main-
taining the fuel cell. In accordance with the demonstration agreement, the 
fuel cell was removed at the request of the Base. 
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6.2 Lessons Learned 

The experience of installing, operating and finally decommissioning the fuel 
cell, resulted in the following lessons learned: 

• High conductivity of water, particularly due to the hardness of the water in 
the Southwest region of the United States, must be addressed to prevent 
negatively impacting the performance of the fuel cell stack. 

• Installation of the fuel cell was a relatively straight forward process with 
no major concerns at this site. The installation took 3½ months. 

• The level of energy savings was less than anticipated due to: 
o the average fuel cell electrical output, which was only 161 kW and not 

the anticipated 200 kW. 
o the fuel cell availability, which was only 50.8%, not the anticipated 

95%. 
o the level of heat recovery, which averaged approximately 6% instead of 

the anticipated 60%. 
o the fuel cell’s potential to reduce the demand of the Hospital in only 10 

of the 59 months of the demonstration. 
• Most of the forced outages were categorized as “Other,” which accounted 

for a total of 7,852 hours, or 48% of the forced outage down time. 
• The average duration of a forced outage was 497.6 hours, or approxi-

mately 21 days. 
• The maintenance costs averaged $29,100/year, which represents an aver-

age cost of 4.12 cents/kWh. This does not include the equipment cost of 
the replacement cell stack or the reverse osmosis unit. 

• The average fuel cost to generate electricity was 5.2 cents/kWh ($181,273 / 
3,522,500 kWh). 

• The average operating and maintenance costs to generate electricity was 
9.3 cents/kWh (5.2 cents/kWh [fuel cost] + 4.12 cents/kWh [O&M costs]). 
Note that this does not include the value of the heat recovered from the 
fuel cell. Over the same period of time, the cost of electricity purchased 
from SCE averaged 9.2 cents/kWh. 

6.3 Recommendations 

The review and analysis of the 200 kW phosphoric acid fuel cell installed at 
MCAGCC Twentynine Palms resulted in several recommendations: 

• Water Quality Requirements. UTC Fuel Cells has identified through 
the demonstration that the hardness of the water impacts the fuel cell op-
eration. The Twentynine Palms fuel cell required the installation of a re-
verse osmosis water treatment system. It is recommended that further re-
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search be done to determine the hardness level at which the fuel cell will 
require an RO system 

• Fuel Cell Electrical Efficiency Trends. The analysis of the electrical 
efficiency trends showed that, in addition to the number of load hours, 
other factors affect the efficiency degradation. The secondary analysis that 
was conducted based on evaluating the trends between major system 
changes did not substantially improve on the ability to better quantify the 
electrical efficiency degradation. It is recommended that further evalua-
tion be done to qualify the trends of other demonstration fuel cells might 
provide more insight. 

• Cell Voltage Trends. The analysis of the cell voltage trends showed that 
the rate of cell voltage reduction was greater at the higher electric output 
levels (200 kW and 175 kW) than at lower electric output levels (125 kW 
and 150 kW) as the fuel cell load hours increase. It is recommended that 
these trends be further analyzed to see if this consistent with other fuel 
cells. 

• System Design Improvements. As part of the fuel cell demonstration 
and overall fuel cell development, UTC Fuel Cells refined the fuel cell de-
sign based on operational experience gained through the operation of the 
fleet of fuel cells. These improvements and modifications were classified 
as retrofits. The details of the retrofits are considered proprietary informa-
tion by UTC Fuel Cells and are not available for this report. Investigation 
of maintenance activities for a larger number of B type fuel cells is recom-
mended to provide greater insight into the modifications to the fuel cell 
design that can be attributed to the demonstration program. 
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Appendix A:  Fuel Cell Acceptance Test Report 
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Appendix B:  MCAGCC Twentynine Palms – 
Naval Hospital, Project Meeting Attendees 

 

Site Evaluation, 8-9 December 1993 

Attendees Organization 

Mike Binder USACERL 

T. Monaco Naval Hospital 

M.J. Roman Naval Hospital 

Lt. C.R. Miranda Naval Hospital 

Patrick Dougherty Naval Hospital 

LCDR Brannman Naval Hospital 

E.P. Thompson Naval Hospital 

S.D. Hammons MCAGCC 

Gerry Merten SAIC 

Mike Torrey SAIC 

Kick-off Meeting, 03 May 1994 

Attendees Organization 

Gerald Cler USACERL 

T. Monaco Naval Hospital 

K.J. Kouser Naval Hospital 

C.J. Chitwood Naval Hospital 

S.D. Hammons MCAGCC 

Howard DeVore Public Works 

Wayne Hofeldt Southern California Edi-
son 

Mike Torrey SAIC 

Douglas Young United Technolo-
gies/ONSI 

Design Review, 02 March 1995 

Attendees Organization 

Mike Binder USACERL 

Gerald Cler USACERL 

Bill Taylor USACERL 

T. Monaco Naval Hospital 

S.D. Hammons MCAGCC 

Howard DeVore Public Works 

Andrew Dufour MCAGCC 

George Collard GBC Electrical Services 

Ray Aselin GBC Electrical Services 

Gerry Merten SAIC 

Douglas Young United Technologies/ONSI 

Acceptance Test, 23 June 1995 

Attendees Organization 

Mike Binder USACERL 

Frank Holcomb USACERL 

T. Monaco Naval Hospital 

Luke Wren Facilities Management 

Douglas Young United Technolo-
gies/ONSI 

George Collard GBC Electrical Services 
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Appendix C:  Review Letters for Original Design 
Drawings 
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Appendix D:  PC25B Fuel Cell Forced Outage 
Description Codes 
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Appendix E:  Operational and Outage 
Periods 
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Appendix F:  Summary of Maintenance 
Invoices by Year 
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Appendix G:  Project Meeting Notes 
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Appendix H:  Fuel Cell Photographs 
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